Premelting is the localized loss of crystalline order at surfaces and defects at temperatures below the bulk melting transition. It can be thought of as the nucleation of the melting process. Premelting has been observed at the surfaces of crystals but not within. We report observations of premelting at grain boundaries and dislocations within bulk colloidal crystals using realtime video microscopy. The crystals are equilibrium close-packed, threedimensional colloidal structures made from thermally responsive microgel spheres. Particle tracking reveals increased disorder in crystalline regions bordering defects, the amount of which depends on the type of defect, distance from the defect, and particle volume fraction. Our observations suggest that interfacial free energy is the crucial parameter for premelting in colloidal and atomic-scale crystals.
Premelting is the localized loss of crystalline order at surfaces and defects at temperatures below the bulk melting transition. It can be thought of as the nucleation of the melting process. Premelting has been observed at the surfaces of crystals but not within. We report observations of premelting at grain boundaries and dislocations within bulk colloidal crystals using realtime video microscopy. The crystals are equilibrium close-packed, threedimensional colloidal structures made from thermally responsive microgel spheres. Particle tracking reveals increased disorder in crystalline regions bordering defects, the amount of which depends on the type of defect, distance from the defect, and particle volume fraction. Our observations suggest that interfacial free energy is the crucial parameter for premelting in colloidal and atomic-scale crystals.
The importance of melting in nature can hardly be overestimated, and yet a detailed understanding of the mechanisms that drive this transformation is still evolving. Scientists have speculated for more than a century about how crystalline solids melt (1) (2) (3) . In the process, they have generated microscopic models emphasizing the role of lattice vibrations (4, 5) , dislocations (6, 7), grain boundaries (8, 9) , surfaces (10) (11) (12) (13) (14) , dimensionality (15) , and combinations thereof. In contrast to the continuous transitions that arise in ferromagnetism and liquid-vapor systems, a first-principle theory of the solid-liquid transition is difficult to derive because of long-range many-body effects, symmetry, and a lack of universality. Furthermore, experimental investigations to test underlying theoretical assumptions are extraordinarily difficult, because they must track motions of individual atoms or defects within crystals. Nevertheless, recent experiments (16, 17) and theory (18) have shown that atomic crystal surfaces at equilibrium below the bulk melting point often form melted layers. This premelting lowers the energy barrier for liquid nucleation and effectively prevents superheating of the solid (16, 19) .
Many theories have suggested that a similar premelting should occur at defects such as grain boundaries, stacking faults, and dislocations located within the bulk crystal, but these effects have not been observed. Simulations of grain boundaries (20, 21) , for example, have found that the free energy of the solid-solid interface can be larger than two solid-liquid interfaces, thereby favoring premelting near the grain boundary. In this work, we imaged the motions of particles in three-dimensional (3D) colloidal crystals during the melting process. The images reveal premelting near grain boundaries and dislocations. Furthermore, particle tracking enabled us to quantify the spatial extent of local particle fluctuations near a variety of defects, as well as within the more ordered parts of the crystal.
Increased disorder was observed in crystalline regions bordering the defects as a function of defect type (e.g., grain boundaries, dislocations, and vacancies), distance from the defect, and particle volume fraction. These observations answer longstanding fundamental questions about melting mechanisms, suggest that grain boundary and dislocation premelting are important effects in the melting process, and introduce new quantitative measures of local disorder. Besides their intrinsic importance for colloid science and technology, all indications suggest that interfacial free energy is the crucial parameter for premelting. Thus, these results are also relevant for atomic-scale materials.
The colloidal crystals used for these studies were equilibrium systems composed of micrometer-sized, nearly hard-sphere particles (22) . At a high volume fraction, these particles are driven entropically to condense into close-packed crystalline solids (23, 24) . A key feature of these measurements is our use of microgel particles (25, 26) , whose diameters depend on temperature. Thus, by slightly changing the sample temperature, we precisely vary the volume fraction of particles in the crystal over a significant range, driving the crystal from close packing toward its melting point at a lower volume fraction.
Particle synthesis. The temperaturesensitive colloidal particles required for this investigation were synthesized by free-radical polymerization of N-isopropylacrylamide (NIPA) and 2-aminoethyl-methacrylate hydrochloride (AEMA) and cross linked with N,N ¶-methylene-bisacrylamide in a buffer solution (pH 0 4.0, 50 mM acetic acid) (27) . The resultant particles were centrifuged down and resuspended in a different buffer solution (pH 0 8.3, 0.1 M sodium bicarbonate).
Succinimidyl ester (TAMRA), which is a fluorophore that reacts with the AEMA amine group 5-(6)-carboxytetramethylrhodamine, was added to the preparation solution for fluorescence studies that are not reported here. The microgel particles with TAMRA became slightly smaller in size, but the presence or absence of TAMRA changed the phase behavior of the suspension only slightly.
The particles were then cleaned cyclically, by first concentrating them with centrifugation and then resuspending them in a buffer solution (pH 0 4.0, 20 mM acetic acid). Finally, in order to minimize particle aggregates, the suspensions were centrifuged for a few minutes, the supernatant was collected, and the process was repeated (È10 times). For temperatures below 32-C, NIPA solubility increases with decreasing temperature. Consequently, the NIPA-AEMA particle diameter varies in our experimental temperature regime (20-to 28-C) as a result of water moving into and out of the microgel. The particles made from NIPA-AEMA copolymer have higher surface charge and are more stable against aggregation in solution during processing than are particles made from pure NIPA. Counterions in the buffer solution ensure that the charges on the particles are screened. In addition, the polymerization rate in our acidic solutions (pH 0 4.0) was slow, resulting in reduced size polydispersity. Dynamic light-scattering measurements at 25-C determined the particle radius to be È375 nm, with a polydispersity less than 3%.
Microscopy and temperature control. Experimental observations were made with an upright microscope (Leica DMRXA2) equipped with a 12-bit monochrome cooled camera (QImaging RETIGA) and a motorized stage. The dimensions of the sample chamber were 18 mm by 4 mm by 0.1 mm. The temperature of the sample and objective lens (magnification Â100, 1.4 numerical aperture) were controlled to within 0.1-C and were increased in 0.1-C increments. Samples were left to equilibrate at each temperature for 1 hour. In order to track premelted regions and defects, we took bright-field video images for 0.6 s at 100-nm intervals throughout the È100-mm-thick chamber. Because the microgel particles were È95% water, their refractive index was very close to that of water, allowing us to obtain high-quality images throughout the sample volume. In order to track individual particle movement, we used a video shutter time of 2 ms. Image fields were chosen to contain È400 particles, and particle positions were determined at resolutions much smaller than the particle radius or crystal lattice constant (28) . Fifteen minutes of video were recorded at each temperature. Sample preparation. The particle suspensions were loaded into the chamber using capillary forces at 28-C; i.e., just below the melting temperature. In this process, the suspension was sheared. Initially we found that well-oriented face-centered cubic (fcc) crystals grew from the glass coverslip surfaces and that the middle of the sample was fluid-like. After loading, we annealed the sample at 28-C for 24 hours, during which the samples crystallized. Bragg diffraction (Fig. 1, inset ) from various parts of the annealed sample, measured in the microscope with a Bertran lens, exhibited no detectable change in peak positions. The crystal had very few defects close to the glass walls. We never observed premelting near the walls; it is possible the walls stabilized the crystal or that the (111) planes near the wall surfaces were intrinsically stable (19) . Interior crystalline regions had many more defects. A few defects in the sample interior are shown in Figs. 2 and 3. Most of the defects we observed were stacking faults, which caused the formation of partial dislocations ( Fig. 3) (29) . We also observed vacancies. Typically, the crystals lost their preferential orientation after melting and recrystallization, displaying large crystalline regions with different orientations separated by grain boundaries (Fig. 2) .
Premelting from grain boundaries. One of the common melting mechanisms exhibited by our colloidal crystals is illustrated in Fig. 2 . The figure shows a small-angle (È13-) grain boundary. The grain boundary is composed of an array of dislocations, one of which is shown in the inset of Fig. 2A . The number of particle nearest neighbors along the grain boundary varies from five to seven (red and blue particles in the inset). These packing mismatches create stress in the crystal near the grain boundary. The dashed line in Fig. 2A shows a Shockley partial dislocation that continues into the grain boundary. The region to the right of the dashed line is out of focus, and the particles in this portion of the image appear darker than average, whereas the region to the left is in focus and the particles appear whiter than average. Figure 2B shows the same region at higher temperature (lower particle volume fraction). In order to minimize the interfacial free energy caused by stress and surface tension, particles near the grain boundary start to premelt. The inset of Fig. 2B shows these particles jumping rapidly from one site to another. In contrast, melting is not observed near the partial dislocation (dashed line); its interfacial free energy is apparently less than that of the grain boundary. In Fig. 2C , the temperature is slightly higher and melting has erupted along the grain boundary. At this stage, the sample volume fraction is higher than the bulk melting particle volume fraction, and the melted region has engulfed the partial dislocation. The width of the premelted region continues to increase as the temperature is raised from 28.0-to 28.2-C (Fig. 2, B to D) .
Premelting from dislocations. In addition to grain boundary premelting, the colloidal crystals display premelting from partial dislocations (Fig. 3) . This effect is more apparent when the grain boundaries are relatively far from the partial dislocations. Figure 3 , A and B, show images of the 61st layer (green) and the 62nd layer (red and yellow), respectively, of the colloidal crystal at 25.0-C. Figure 3C shows a superposition of these layers. Both of these layers represent (111) planes in the crystal. The Burger's circuit in the 61st layer (green) yields a zero Burger's vector, indicating no defect in the layer. Because a dislocation is present in the next layer, some of the particles are slightly out of focus. The Burger's circuit for the 62nd layer (yellow) reveals a Shockley partial dislocation with a Burger's vector of 1 6 ð112Þ (29). The inset contains a 3D illustration of the Shockley dislocation, showing the 61st layer and the undisplaced particles in the 62nd to 64th layers in green and the displaced particles in the 62nd to 64th layers in yellow.
In monodisperse nearly hard-sphere colloidal crystals, the difference in the energy between fcc and hexagonal close-packed (hcp) structures is very small (30, 31) and stacking faults are common (32) . Shockley partial dislocations arise as a result of these stacking faults. Face-centered cubic crystals stack in the pattern ABCABC along the (111) direction, and hcp crystals stack in the pattern ABAB. The green particles in Fig. 3A are in the A positions, whereas the red and yellow particles are in the B and C positions of the next layer, respectively. This stacking fault opens up gaps between the two close-packed structures within the crystal (two gaps are visible in the image and make an angle of 120-C with respect to one another). Nearby particles fluctuate into and out of these gaps. The angle the gaps make with the (111) plane suggests that the gaps cut the crystal along (100) planes, as shown in the 3D illustration.
Finally, Fig. 3D shows the 62nd crystal layer at 28.2-C. At this temperature, which is higher than the grain boundary premelting temperature, the crystal has begun to premelt from the partial dislocation. Positional fluctuations. Using the Lindemann parameter L, which is a measure of the particle mean square fluctuation, we have quantified these observations as a function of sample temperature and volume fraction (Fig.  4) . Inset 1 shows the time evolution of mean square displacement (MSD) for particles in the bulk crystal at three different temperatures. On short time scales, the MSD exhibits free particle diffusion; on long time scales, the particles are caged by nearest neighbors and the MSD asymptotically approaches a constant. This asymptotic constant corresponds to twice the variance of the particle's displacement from its equilibrium position (33, 34) . We computed the 3D L by using the measured 2D MSD and assuming that particle fluctuations were isotropic. We used the
, where r nn is the crystal nearest-neighbor distance, and br 2 (t Y V)À is the asymptotic value of the 2D particle MSD.
In the main plot of Fig. 4A , L experiences a change in slope at 24.7-C. At this temperature, the hydrodynamic diameter of the particles as measured by dynamic light scattering is È754 nm (inset 2), and the nearest-neighbor distance derived from pair correlation functions measured by microscopy is È750 nm. Thus, at this temperature, it is reasonable to assume that the particles are close packed with a volume fraction of È0.74. Below this temperature, the particle motions are constrained, and L varies less strongly with temperature. With this assumption, we can deduce the particle number density. This number density and the measured hydrodynamic radius (inset 2) determine the particle volume fraction as a function of temperature (upper scale of Fig. 4A) . The crystal appears to melt at a particle volume fraction of È0.54, which is close to the hard-sphere prediction of 0.545 (24) . The lattice constant in the solid regions, derived from our measurements of the particle pair correlation functions, also decreases sharply near this volume fraction. Although our particles are not perfect hard spheres (22) , the melting point suggests that they may be approximated reasonably well as such.
The Lindemann melting criterion, which predicts melting for L È 1/8 (4), continues to provide a useful benchmark nearly 100 years after it was originally suggested. The data for L in Fig.  4A are taken from deep within the crystalline regions of the sample, below the melting point. At 28.3-C, the sample begins to melt, and a coexistence of liquid and solid domains is observed. In Fig. 4B , we show local measurements of L near various crystalline defects and near the premelt boundary just before bulk melting (28.3-C). We find that the particle fluctuations in the proximity of these regions are measurably larger than those in the bulk crystal. Furthermore, we find that the magnitude of these fluctuations decreases approximately exponentially as the measurement position is translated away from the premelt region toward the interior of the bulk crystal. Extrapolation of our exponential fits of L to zero distance suggest that L È 0.18 in the premelt region, twice its interior value of È0.085 at the same temperature. Evidently, the greater number of vacancies in the premelted region increases the free volume for particle movement, so that the nearby particle fluctuations are large. Even the particles near isolated vacancies have large L, but the decay of L to bulk values is fastest from isolated vacancies.
Conclusions. We have demonstrated that premelting occurs at grain boundaries and dislocations located within colloidal crystals. These observations confirm an important mechanism for theories of melting. The amount of premelting depends on the nature of the interfaces and defects. Particle tracking has enabled us to study particle fluctuations both nearby and far from these defects in ways that are inaccessible to experimental probes of atomic crystals, revealing the excess free energy in these regions through higher values of L.
